Hyperactivation, a motility pattern of mammalian sperm in the oviduct, is essential to fertilization. Hyperactivation helps sperm to swim effectively through oviductal mucus, to escape from the sperm reservoir, and to penetrate the cumulus matrix and zona pellucida of the oocyte. There is some evidence that mammalian sperm can undergo chemotaxis; however, the relationship of chemotaxis to hyperactivation is unknown. Ca 2+ signaling is involved in hyperactivation and implicated in chemotaxis as well. In vivo, sperm hyperactivate in the lower oviduct, far from the cumulus-oocyte complex and possibly beyond the influence of chemotactic gradients emanating from the oocyte or cumulus. Thus, sperm are likely to be hyperactivated before sensing chemotactic gradients. Chemotactic signals might modulate hyperactivation to direct sperm toward oocytes as they reach a region of influence. Ca 2+ -directed modulation of hyperactivation is a potential mechanism of this process.
INTRODUCTION
In mammals, although the male deposits thousands or even millions of sperm into the female reproductive tract, this large number alone does not guarantee fertilization. Successful transport of the sperm, penetration of the egg investments, and fusion of the sperm and egg depend on both the ability of sperm to respond to the female reproductive environment and the ability of female to affect the progress and physiological state of the sperm.
In 1970, Yanagimachi observed that hamster sperm swimming in the oviduct exhibited an extremely vigorous motility pattern with high-amplitude asymmetrical flagellar beating [1] that he later defined as hyperactivation. This first observation opened the door to a new area of research. Since then, considerable knowledge has been accumulated about this sperm motility pattern in various mammalian species.
Chemotaxis is defined in this review as the process by which sperm are guided by a chemical gradient to reach the oocyte. Chemotactic behavior and underlying molecular mechanisms have been well documented in some species of marine invertebrates with external fertilization (reviewed by Kaupp et al. [2] ). In contrast, the existence of chemotaxis in mammalian fertilization is still a topic of debate. Although evidence for chemotaxis of mammalian sperm appeared as long ago as 1958 [3, 4] , intensive research on the subject began only in the early 1990s. At that time, human sperm were reported to be chemotactically attracted by follicular fluid [5] [6] [7] , which was thought to be transported into the oviduct along with the oocyte/cumulus complex. Since then, evidence has been published for chemotaxis in other mammalian species (reviewed by Eisenbach and Giojalas [8] ).
Hyperactivation and chemotaxis have been studied in mammals by different groups of investigators, and the relationship between the two phenomena is not understood. This minireview summarizes the current knowledge of hyperactivation and chemotaxis in mammals and proposes a model for the relationship.
CONTRASTING DEFINITIONS OF HYPERACTIVATION AND CHEMOTAXIS
Hyperactivation is characterized by high-amplitude, asymmetrical flagellar beating. If hyperactivated sperm are placed on a microscope slide in aqueous medium, they swim in a circular or helical trajectory because of the asymmetrical beating. Before hyperactivation, the swimming path of sperm is relatively straight because of low-amplitude, nearly symmetrical flagellar beating. This behavior is referred to as activated or progressive motility. Before ejaculation, mature sperm are stored in a weakly motile or immotile state in the caudal epididymis and vas deferens. They quickly activate when they are released by ejaculation or by dissection into an appropriate medium, which usually must contain bicarbonate and calcium ions [9] [10] [11] .
Whereas hyperactivation is defined as a flagellar beat pattern, chemotaxis is defined as a pattern of the swimming path of sperm with reference to a chemical gradient. These are different kinds of definitions. Thus, sperm may use hyperactivation, perhaps intermittently, to achieve chemotaxis.
Much more has been elucidated about the process of sperm chemotaxis in some marine invertebrate species, and these species have served as models for the study of chemotaxis. In a variety of marine invertebrate species, including the sea urchin Arbacia punctulata, the response of sperm to chemotactic signals from the egg has been shown to involve a ''turn-andrun'' pattern, in which the swimming trajectory vacillates between high and low curvature because of alternation between asymmetrical and nearly symmetrical flagellar beating. This alteration produces a loosely helical pattern with an axis that is directed toward the source of the attractant (reviewed by Kaupp et al. [2] ) (Fig. 1) . The turn-and-run pattern has not been clearly seen in mammalian sperm. In fact, the details of the flagellar response of mammalian sperm to chemoattractants are not well known. The most detailed account was a figure showing human sperm responding to a gradient of bourgeonal [12] . In this figure, the flagellar beat switches from symmetrical to asymmetrical for only one beat cycle and then returns to a symmetrical beat. The single cycle switch serves to orient the sperm into the gradient. Repeated alteration between symmetrical and asymmetrical beating, as seen in invertebrate sperm, has not been shown for mammalian sperm. It is possible that the flagellar response pattern of mammalian sperm is not well known because direct observation of swimming patterns of mammalian sperm tested with putative chemotactic agents has been limited in most studies by a very low response rate of the sperm [13] . It is difficult to capture the flagellar beating patterns of the few sperm that actually respond.
CONTRASTING FUNCTIONS OF HYPERACTIVATION AND CHEMOTAXIS
Hyperactivation plays various roles during the sperm's progress toward the oocyte. First, sperm use hyperactivation to move out of the oviductal storage reservoir. Sperm are held in the reservoir by attaching to the oviductal epithelium (reviewed by Suarez and Pacey [14] ), and hyperactivation assists sperm in breaking free from the attachment [15] [16] [17] [18] . Second, hyperactivation provides sperm with a greater thrusting force to swim through viscoelastic substances in the oviduct [19] [20] [21] , which include mucus secreted by the oviductal epithelium and the matrix of the oocyte's cumulus oophorus. Finally, hyperactivation is required by sperm to penetrate the zona pellucida of the oocyte in order to reach and fuse with the oocyte plasma membrane [22] [23] [24] .
By definition, chemotaxis is the directed movement of sperm toward the source of a chemical gradient, usually considered to be an oocyte. Whereas the functions attributed so far to hyperactivation all assist sperm in reaching the oocyte, they do so only indirectly. If we accept the definition of hyperactivation as asymmetrical flagellar beating, it is unlikely that continuous hyperactivation would lead sperm toward an oocyte, unless the flagellar beat pattern is modified intermittently, as discussed below.
SPECIFIC MOLECULAR TRIGGERS FOR CHEMOTAXIS AND HYPERACTIVATION IN MAMMALIAN SPERM REMAIN ELUSIVE
Even though hyperactivation has been studied extensively since it was first reported in 1970 [1] , the physiological factor that triggers hyperactivation in vivo remains elusive. Hyperactivation occurs in the isthmus of the oviduct before ovulation [15, 25] , so at least one trigger should be available within the preovulatory oviduct.
The discovery of CATSPER channels in sperm provided a new perspective on this issue. There are four known CATSPER genes (CATSPER 1-4), coding for proteins structurally similar to subunits of conventional voltage-gated cation channels. Sperm from male mice that are null mutants for any of the four known CATSPER genes cannot hyperactivate because all four are required for channel formation [26, 27] . CATSPER channels are activated by alkaline depolarization ( [28] and reviewed by Navarro [29] ); therefore, a change in ionic environment in the oviduct, particularly an increase in the pH of oviduct fluid, could activate the CATSPER channels and raise intracellular pH to initiate hyperactivation. In rhesus monkeys, the pH in the lumen of the oviducts was measured to be 7.1-7.3 during the preovulatory phase and increased to 7.5-7.8 at ovulation [30] ; however, hyperactivation may occur before this rise.
A variety of chemoattractants have been identified in various marine invertebrate species, ranging from amino acids and peptides to lipids and sulfated steroids. The species specificity of the chemoattractants is high in some species, such as hydromedusae and certain ophiuroids, presumably to avoid interspecies fertilization (reviewed by Eisenbach [31] ), but not in others, such as some echinoderms ( [32] and reviewed by Garbers [33] and Suzuki [34] ). In mammals, some putative chemoattractants lack species specificity [35] , while others may not, as discussed below. Certainly, species specificity is of less concern in mammals than in marine invertebrate species that broadcast their gametes into the water.
Human follicular fluid [6, 7, [36] [37] [38] or media conditioned by cumulus cells [39, 40] have been reported to attract sperm. Progesterone is considered to be the primary active agent in follicular fluid [38, 41, 42] and cumulus cells secrete progesterone [43] ; therefore, a gradient of progesterone could form within and surrounding the cumulus mass in the oviduct. Progesterone gradients have been shown to produce chemotactic behavior in human [44] and rabbit sperm [42] . Progesterone gradients in picomolar ranges or up to micromolar levels have been reported to produce chemotaxis [44] [45] [46] . Nevertheless, at least one study suggests that other factors besides progesterone present in the follicular fluid act as chemoattractants as well. In this study, chemotactic behavior of human sperm was detected in follicular fluid that had been depleted of steroids [47] .
There are two problems associated with demonstrating that progesterone is a chemoattractant. The first is that only low percentages of sperm have been seen to orient into chemotactic gradients of progesterone [13, 44] , requiring careful statistical analysis to demonstrate that the response is significant. The 
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CHANG AND SUAREZ second is that concentrations from lM to mM progesterone have been shown to induce acrosome reactions in mouse and human sperm [43, 48] , and there is evidence that the high levels of progesterone are also involved in priming sperm to undergo acrosome reactions stimulated by zona pellucida proteins [48] [49] [50] . When sperm undergo the acrosome reaction, the acrosomal region of the head becomes particularly sticky and could thus cause sperm to accumulate toward the source of the progesterone gradient. Nevertheless, it is plausible that low levels of progesterone in the oviduct or peripheral cumulus mass could function in chemotaxis, whereas higher levels deeper within the cumulus mass could prime or induce acrosome reactions.
There is also some evidence that odorant-like molecules function as chemoattractants to mammalian sperm. Immunolabeling studies have localized odorant receptors to the base of flagellum or in the flagellar midpiece of mature dog [51] and rat [52] sperm. A human odorant receptor specific to the testis was identified as hOR17. A ligand for this receptor, bourgeonal, was reported to cause human sperm to swim up a gradient [12, 53] . In mouse sperm, an odorant receptor was identified with a known ligand of lyral, which is an analog of bourgeonal. In this study, sperm were seen to accumulate around the tip of a microcapillary tube that contained lyral; however, some of the accumulation was attributed to immobilization of sperm by high concentrations of lyral [54] .
Ca 2þ SIGNALING IS COMMON TO BOTH HYPERACTIVATION AND CHEMOTAXIS
Although little is known of the triggers of hyperactivation and chemotaxis in mammalian sperm, there is strong evidence that a rise in cytoplasmic Ca 2þ is required for hyperactivation. Omission of Ca 2þ from the medium prevents the development of hyperactivation [55, 56] . Increasing cytoplasmic Ca 2þ by treating sperm with Ca 2þ ionophores A23187 or ionomycin induces hyperactivation [57] [58] [59] , and hyperactivation is inhibited by Ca 2þ channel blockers [22] . Fluorescent Ca 2þ indicators report that Ca 2þ levels in the flagella of hyperactivated hamster sperm are higher than those of activated sperm [60, 61] . Bull sperm demembranated by detergents and reactivated by exogenous ATP show activated motility in low levels of Ca 2þ (;50 nM) and hyperactivated motility at higher levels (;400 nM) [62] . Altogether, these observations indicate that a rise in cytoplasmic Ca 2þ , particularly within the cytoplasmic compartment of the flagellum, plays a crucial role in the induction of hyperactivation, presumably downstream from any signaling molecule or other trigger.
How the Ca 2þ level rises within the flagellum to promote hyperactivation is not completely clear. The predominant source of Ca 2þ during hyperactivation is extracellular Ca 2þ influx through CATSPER channels (see reviews in Navarro et al. [29] , Publicover et al. [63] , and Suarez [64] ; see also 
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Carlson et al. [65] ). As pointed out above, sperm from male mice that are null mutants for any of the four known CATSPER genes cannot hyperactivate [26, 27] . Other Ca 2þ channels have been detected in mammalian sperm flagella, including transient receptor potential [66] , cyclic-nucleotidegated [67] , and voltage-gated Ca 2þ channels (reviewed in Carlson et al. [26] and Darszon et al. [68] ); however, it is unclear whether any of these channels play a role in hyperactivation (reviewed in Carlson et al. [26] ). At this point, inactivation of Ca 2þ channel genes other than CATSPER genes have not eliminated hyperactivation; however, not all possible Ca 2þ channel genes expressed in sperm have been tested by inactivation because silencing of some has produced embryonic lethality, thus preventing investigation of the effects on sperm.
In addition to channels in the plasma membrane, Ca 2þ can also be provided to the flagellum in mammalian sperm by the intracellular Ca 2þ store in the redundant nuclear envelope (RNE) that is located at the base of the flagellum. Immunological labeling reveals that the RNE contains IP 3 receptors [69] . Treatment of bull sperm with either thapsigargin or thimerosal, which induces release from Ca 2þ stores [70, 71] , rapidly induces asymmetrical flagellar beating, even in the absence of available extracellular Ca 2þ [72] . Is Ca 2þ signaling involved in mammalian sperm chemotaxis? In marine invertebrate species, sperm respond to chemoattractants from oocytes via Ca 2þ -regulated changes in flagellar beating asymmetry. In the sea urchin species Arbacia punctulata, very low concentrations of the peptide resact, which is secreted by oocytes, chemotactically attract sperm [73] . Binding of the peptide to a receptor-type guanylyl cyclase on the sperm membrane triggers a series of events leading to the opening of voltage-dependent Ca 2þ channels, which triggers the turn-and-run response (reviewed by Kaupp et al. [2] ). A rise in flagellar Ca 2þ in response to a specific chemoattractant has also been recorded for sperm from the ascidian Ciona intestinalis [74] . The rise in Ca 2þ is intermittent, and it is related to the turning response [74, 75] . Nevertheless, because signaling components upstream of Ca 2þ , particularly the receptor-type guanylyl cyclase, have not been identified in mammalian sperm, the invertebrate model may not be informative in this regard.
As discussed above, there is some evidence that human and mouse sperm possess odorant receptors and exhibit chemotactic responses to gradients of specific odorants. Human sperm exposed to the odorant bourgeonal exhibit a Ca 2þ rise that originates in the flagellar midpiece [12, 53, 76] . In mouse sperm, the odorant lyral triggers a similar increase in Ca 2þ [54] . Nevertheless, the Ca 2þ response of sperm to gradients of odorant attractants is not known.
Although the role of progesterone in chemotaxis is debatable, it has been reported that human sperm exposed to gradients of progesterone exhibit a gradual increase in intracellular Ca 2þ and that about a third of the responding sperm exhibit oscillations in Ca 2þ at the base of flagellum. The flagella of responding sperm show temporary increases in bend amplitude during Ca 2þ peaks [45] . Nevertheless, it is not clear whether the Ca 2þ responses to progesterone, if physiological, are involved in chemotaxis or hyperactivation or both.
A PROPOSAL FOR THE RELATIONSHIP OF HYPERACTIVATION TO CHEMOTAXIS
In rabbits and mice, it has been observed that sperm begin to hyperactivate in the lower oviduct before ovulation [15, 25] . They do this as part of the process of releasing themselves from the sperm storage reservoir [16, 18] . Prior to release, sperm are held in the reservoir (Fig. 2) by binding to the surface of the oviductal epithelium. There is evidence that release is brought about by a combination of shedding of oviductal binding proteins from the head of the sperm and by initiation of hyperactivation (reviewed by Suarez [77] ). Because the onset of hyperactivation and release from storage precedes ovulation, sperm are likely already hyperactivated before they become exposed to any chemoattractants that emanate from the oocyte/ cumulus complex. Hyperactivation also begins in the oviduct, 
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CHANG AND SUAREZ at least in the mouse, quite far from the site of fertilization. A long length of coiled oviduct comes between the sperm in the reservoir and the newly ovulated oocytes (Fig. 2) . Therefore, we propose that chemoattractants modulate the flagellar beating of sperm that are already hyperactivated in order to redirect the sperm into a chemoattractant gradient and toward the oocyte.
Mouse sperm provide an excellent model for understanding the response of the flagellum to the signals from a gradient of chemoattractant. This is because the hook-shaped head of the sperm enables one to distinguish the direction of the flagellar bend. When the orientation of the flagellar bend is the same as that of the hook of the sperm head, the bend will be referred to as a ''pro-hook'' bend, and when the flagellar bend is in the opposite orientation, it will be referred to as an ''anti-hook'' bend (Fig. 3) .
When mouse sperm are incubated under capacitating conditions until they hyperactivate, the pro-hook bend increases in amplitude, producing an asymmetrical beat pattern (see figures in Carlson et al. [28] and Fraser [78] and Fig. 3 ). This response is due primarily to Ca 2þ influx through CATSPER channels because sperm from males lacking a functional CATSPER gene do not hyperactivate under capacitating conditions [21, 26, 28] . In contrast, when uncapacitated mouse sperm are treated with thimerosal to release Ca 2þ from internal stores, the anti-hook bend increases in amplitude instead of the pro-hook bend (see movie in Marquez et al. [79] and Fig. 3 ). Capacitated sperm treated with thimerosal produce the same pattern as uncapacitated sperm (our unpublished observations). This means that there are two types of asymmetrical beating, that is, dominant pro-hook beating, where the pro-hook bend is increased, and dominant anti-hook beating, where the anti-hook bend is increased.
A study using a demembranated sperm model indicates that Ca 2þ levels determine whether flagellar bend amplitude increases in a pro-hook or an anti-hook direction. When rat sperm demembranated by detergent were reactivated with about 100 nM Ca 2þ , the flagellum formed a bend in the pro-hook direction; however, when exposed to more than 2.5 lM Ca 2þ , the flagellum formed an anti-hook bend [80] . It should be pointed out that demembranated rat sperm reactivated in micromolar Ca 2þ become immotile after producing a single large anti-hook bend. Similarly, intact mouse sperm treated with thimerosal arrest in an anti-hook bend after 5 min of dominant anti-hook beating [79] . It is intriguing that mouse sperm treated with the odorant lyral also show this response, while sperm treated with the same amount of other floral odorants, bourgeonal or dihydromyrcenal, do not [54] . The arrest of motility is probably due to deleterious effects of prolonged elevation of cytosolic Ca 2þ . However, if the RNE behaves like other intracellular Ca 2þ stores, a physiologically triggered release of Ca 2þ is likely to produce local high cytoplasmic Ca 2þ levels that are rapidly reduced via removal from the cytoplasm by Ca 2þ ATPase pumps and by Ca 2þ uniporters in nearby mitochondria (reviewed by Berridge [81] and Clapham [82] ). In sperm, the mitochondria at the base of the midpiece mitochondrial sheath lie very close to the RNE [72] and thus could participate in rapid reduction of cytoplasmic Ca 2þ (Fig. 4) . The momentary spike of Ca 2þ might result in the momentary production of a large anti-hook bend without immobilizing the sperm. Just one large anti-hook bend would be sufficient to change the direction of the path of the sperm.
The production of dominant pro-hook and dominant antihook beat patterns also indicates that the molecules or complexes with which Ca 2þ interacts on one side or region of the flagellum have higher affinity for Ca 2þ than those on the other side. Lindemann's group, which first reported the Ca 2þ dependence of flagellar curvature in mammalian sperm, later demonstrated that Ni 2þ and Cd 2þ selectively block sliding of dynein along microtubules on one side of the flagellum, indicating differing sensitivities to divalent cations on the two sides of the flagellum that may reflect differing sensitivities to Ca 2þ as well [83, 84] . The pattern of Ca 2þ increase in the flagellum begins in the principal piece when CATSPER channels are stimulated, which is where the CATSPER channels are localized [21, 23, 85] . In contrast, when thapsigargin or thimerosal is used to stimulate release of Ca 2þ from stores, the rise in Ca 2þ initiates at the base of the flagellum, which is where the RNE is located. In both cases, the Ca 2þ rise spreads along the flagellum, although from opposite directions. Thus, in addition to differences in cytoplasmic Ca 2þ levels in the flagellum, the difference in the pattern of Ca 2þ increase may also determine whether the pro-hook or anti-hook beat is dominant.
At this point, calmodulin is the only Ca 2þ -binding protein known to play a role in Ca 2þ -dependent modulation of the mammalian sperm flagellar beat by directly affecting the axoneme [86] . A testis-specific, Ca 2þ -binding protein, CA-BYR, which interacts with A-kinase-anchoring proteins, has been identified. It is localized in sperm flagella and tyrosine phosphorylated during in vitro capacitation, but its role in regulating sperm motility is unclear [87, 88] . There is evidence of additional axoneme-associated Ca 2þ -binding proteins in nonmammalian species. For example, a new member of the neuronal calcium sensor family, calaxin, has been shown to bind Ca 2þ and associate with b-tubulin and outer-arm dynein in the flagella of sperm from the ascidian Ciona intestinalis. Potential homologues of calaxin have been identified in the mouse and human genomes [89] . Another protein, LC4, has been identified as a subunit of outer-arm dynein in Chlamydomonas and has been shown to undergo a conformation change in response to Ca 2þ [90] . Additional Ca 2þ -binding axonemal proteins may yet be discovered in mammalian sperm. If different Ca 2þ -binding proteins are responsible for dominant pro-hook and dominant anti-hook flagellar beating, then these proteins should show different distributions in the axoneme.
In summary, we are proposing the following model for mammalian sperm. Hyperactivation is required for capacitated sperm to actively detach from the oviductal epithelium in order to move out of the storage reservoir. As hyperactivated sperm move up the oviduct, they become exposed to chemoattractants. A change in the concentration of chemoattractant modulates the dominant pro-hook beating pattern of hyperactivation, probably by inserting a single dominant anti-hook beat. This would manifest itself as a turn. Additional coursecorrecting turns could occur, with the final result of bringing sperm to the cumulus mass. The same chemoattractant or additional chemoattractants could similarly guide the sperm through the cumulus mass to the zona pellucida and oocyte.
Much remains to be learned about the regulatory mechanisms that bring sperm to the oocyte. It is hoped that the clues offered by the hook-shaped heads of rodent sperm will facilitate the elucidation of these mechanisms.
